A series of cyclic tension-torsion tests under symmetric shear strain and asymmetric axial stress control in various loading paths are conducted on 100 μm-diameter 316L steel wires applying a micro tensiontorsion fatigue testing apparatus. The ratcheting strain of the thin wire increases with increasing axial mean stress and decreases in a sequence of linear, rhombic and circular paths. The macro-scale based cyclic plastic constitutive models with kinematic hardening rules of the Ohno-Wang (O-W) and the Chen-Jiao-Kim (C-J-K) are evaluated for the thin wire. Comparing with the O-W, the C-J-K predicts more accurately under high axial stress. While the loading path effects on ratcheting for wire specimens are basically simulated, the macro-based models tend to under-estimate the effect of phase difference between axial and torsional loadings and the ratcheting evolution in the initial 50 cycles.
INTRODUCTION
yclic mechanical behaviors under multiaxial loading conditions at small-scale are key issues in the design of durable micro-devices as well as crucial aspects in characterizing mechanical properties of materials. While the issues at macro-scale have been widely studied for decades, research on multiaxial mechanical properties at micro-scale is quite limited. Most researches on this issue have focused on the biaxial cyclic tensile behaviors of thin films on substrates [1, 2] . Another fundamental multiaxial property, the tension-torsional cyclic behavior, is barely studied experimentally at micro-scale because of the technological problems of precise loading control and measurements. Recently, a novel tensiontorsional fatigue apparatus for micro-scale components has been developed [3] and enables the biaxial cyclic tests on thin wires. In this study, a series of cyclic tension-torsion tests under various loading paths are conducted on 100 μm-diameter 316L stainless steel wires. The material is widely used in micro-devices such as cardiovascular stents. In service, small-scale components may undergo multiaxial loading with tensile stress due to low structural stiffness, leaving multiaxial ratcheting C one concern in the design of stents. The low level ratcheting under biaxial loading is observed and simulated by means of macro-scale based kinematic hardening rules of the Ohno-Wang (O-W) and Chen-Jiao-Kim (C-J-K).
EXPERIMENTAL PROCEDURE
micro tension-torsional fatigue apparatus for thin wires, as shown in Fig. 1 , is applied in this study. The coupled tensile and torsional loading at the scale of 10 0 N-10 2 μNm is achieved by a tensile and a torsional load frame that actuated and measured independently without interfering with each other. A wire specimen is clamped between the frames that have been aligned by an x-y translation stage. A linear motor connected with a load cell is applied in the tensile frame, which allows for the precise control of axial force and the free axial movement of specimen. The micro-torque of the specimen in test is loaded by a DC micro motor and measured by a high precision torque transducer through the transference of a thrust air bearing. The axial deformation of the wire specimen in tension-torsion tests is measured by a grating sensor built in the linear motor and corrected based on data acquired by a non-contact displacement detection system (NDDS) in uniaxial tension tests. More details about this apparatus can be found elsewhere [3] . The material used in this study is 316L stainless steel soft tempered wire, in nominal diameter of 100 μm, annealed with pure hydrogen. The chemical composition of the material is (wt%): C 0.03%, Cr 16.93%, Ni 12%, Mn 0.95%, P 0.63%, S 0.21%, Mo 2.39%, Si 1%. The actual diameters of specimens were measured before testing by using a scanning electron microscope (SEM). The gauge lengths of the specimens were denoted as the distance between the edges of clamps, which was set to be around 6 mm for all tests. Uniaxial tension tests and torsion tests were conducted to derive the basic mechanical properties. The cyclic tension-torsion tests were conducted at room temperature under load control for axial loading and angle control for torsional loading. The loading paths in the axial stress-shear strain plane (σ-γ plane) are illustrated in Fig. 2 , and test conditions are given in Tab. 1. In all cases the shear strain amplitude is 0.55%. As the strains in this study are small and consist of low level of plasticity, the shear stress is derived with the hypothesis of linear distribution in the cross section. The shear strain and stress are calculated as follows:
where  is the shear strain,  is the shear stress,  is the twisting angle, T is the corrected torque, and D and l are the diameter and gauge length of wire specimen, respectively. In addition, a completely reserved torsional test with shear strain amplitude of 2% was performed to characterize the isotropic softening behavior of the material. A minimum axial stress of A 26 MPa was persisted during the test in order to avoid buckling of the wire specimen. All tests were conducted at a shear strain rate of 0.002/s. 
EXPERIMENTAL RESULTS
ig. 3 shows the experimental results of Case 4 under linear path. The shear hysteresis loop exists as shown in Fig.  3(a) . The accompanied tensile stress, reversed between 26 and 128 MPa and far below the 0.2% yield strength, contributes to an asymmetric stress state ( Fig. 3(d) ) that leads to ratcheting in the axial direction. The remarkable axial strain accumulation is demonstrated in the axial stress-strain curve (Fig. 3(b) ) as well as the strain path (Fig. 3(c) ). The evolution of ratcheting under various loading paths are displayed in Fig. 4 . The ratcheting strain is defined as the maximum strain per cycle. With increasing cycle number, the ratcheting strain sharply rises in the beginning and then is slowly suppressed until a stable rate of increment is reached. Case 1 with constant axial stress of 128 MPa displays the highest level of ratcheting. As reducing the axial mean stress, the ratcheting strain decreases and the rate of stable increment after 100 cycles slightly changes. The effect of loading path on ratcheting is demonstrated by case 4-6 with the same range of cycling axial stress. The linear path in case 4 leads to larger ratcheting than the rhombic path in case 5 and the circular path in case 6. The ratcheting behaviors of the rhombic and the circular paths are similar, with the latter slightly lower in value. The deviation caused by loading path is consistent with the multiaxial ratcheting behavior of steels at macro-scale, which is related with the non-proportionality of certain loading path and the resulted additional hardening [6, 7] . 
EVALUATION OF MACRO-SCALE BASED CYCLIC PLASTICITY
he macro-scale based cyclic plasticity with the assumption of rate-independent material's behavior is phenomenologically described by three parts: yield criterion, plastic flow rule and the kinematic hardening rule. The kinematic hardening rule is the central part of the constitutive modelling of cyclic plasticity. It defines the translation of yield surface in stress space during plastic deformation, which is the most important feature for the multiaxial ratcheting simulation. Two of the most successful kinematic hardening rules are evaluated for the ratcheting simulation of 316L thin wires: the nonlinear Ohno and Wang (O-W) [8] and the Chen-Jiao-Kim (C-J-K) [6] rules.
O-W:
C-J-K: 
The total back stress in this study is decomposed into 8 components for the O-W and C-J-K rules. All the i  and i r components in the O-W are determined from a torsion test by the scheme discussed by Bari and Hassan [9] . i m is determined from a tension-torsion test which is low in stress ratio max    ;. The predicted cyclic stress-strain response of case 4 in linear path by the C-J-K is illustrated in Fig. 5 . The O-W and the C-J-K rule predict similar response of shear stress and axial strain in this case. Obvious shear hysteresis loop and axial ratcheting behavior is appropriately simulated. The ratcheting responses obtained by the O-W and the C-J-K models as well as experimental data are presented in Fig. 6 . The O-W and the C-J-K predicted similar ratcheting evolutions with small errors for cases 2-6. In terms of case 1 with relatively high axial mean stress, the O-W obviously over-predicts as the non-proportionality of loading increases. By taking into account the non-coaxiality of plastic strain rate for reducing dynamic recovery, the C-J-K successfully suppresses the ratcheting under relatively high non-proportional hardening in case 1. Comparing with simulations for cases 1-3 with constant axial stresses, the C-J-K or the O-W model predicted with more errors for cases 4-6 with loading-unloading axial stress, especially for cases 5, 6 with phase differences of tensile and torsional loading. While the models under-estimate the ratcheting evolution under linear path in case 4, they over-predict ratcheting under rhombic path in case 5 and circular path in case 6. Thus it is suggested that the phase difference of loading in two directions has more influence on ratcheting than that predicted by the models. Deficiency of simulation also exists in the initial ratcheting stage with high but sharply decreased strain rate. The experimental ratcheting evolves more dramatically with larger decreasing rate in this stage than simulation, which results in the under-predictions within about 50 cycles in most cases. The quickly retarded ratcheting may implies some additional hardening related with plastic strain gradients that prominent in small-scale components undergoing inhomogeneous deformation such as torsion or bending. Under an applied torque, while one dislocation of a dipole moves outward and escape or annihilated, another dislocation moves inward under stress gradients and piles up around the wire center, which results in polarized dislocations (or GNDs) with non-uniform density [10] . The inhomogeneous spatial distribution of GNDs, or the resulted plastic strain gradients, can lead to a strong back stress [5] and may suppress the multiaxial ratcheting of thin wire. Further work on the microstructure observation is needed to clearly explain the multiaxial ratcheting behavior at small-scale. And the models may be modified to give phenomenological predictions for ratcheting in engineering applications. Though certain difference exists between simulation and experimental data, the effects of loading paths on ratcheting is basically described by both models, that is, the ratcheting strain increases with increasing mean stress and reduces with nonproportionality in a sequence of linear>rhombic>circular paths. 
CONCLUSION
he ratcheting strain of 100 μm-diameter 316L wire increases with increasing axial mean stress and decreases in a sequence of linear, rhombic and circular paths, which suggests similar effect of loading paths on ratcheting of the micro-scale components with that of bulk material. The C-J-K predicts more accurately than the O-W under relatively high axial stress. Both models basically simulate the loading path effect on ratcheting for wire specimens. However, the models tend to under-estimate the effect of phase difference between axial and torsional loadings. And the experimental ratcheting strain evolves more dramatically with larger decreasing rate than prediction in the initial 50 cycles, which may imply some additional hardening related with plastic strain gradients.
